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Abstract. In this work, we investigated the veracity of
an ion continuity equation in controlling equatorial ioniza-
tion anomaly (EIA) morphology using total electron content
(TEC) of 22 GPS receivers and three ground-based mag-
netometers (Magnetic Data Acquisition System, MAGDAS)
over Africa and the Middle East (Africa–Middle East) during
the quietest periods. Apart from further confirmation of the
roles of equatorial electrojet (EEJ) and integrated equatorial
electrojet (IEEJ) in determining hemispheric extent of EIA
crest over higher latitudes, we found some additional roles
played by thermospheric meridional neutral wind. Interest-
ingly, the simultaneous observations of EIA crests in both
hemispheres of Africa–Middle East showed different mor-
phology compared to that reported over Asia. We also ob-
served interesting latitudinal twin EIA crests domiciled at the
low latitudes of the Northern Hemisphere. Our results further
showed that weak EEJ strength associated with counter elec-
trojet (CEJ) during sunrise hours could also trigger twin EIA
crests over higher latitudes.
Keywords. Ionosphere (electric fields and currents)
1 Introduction
As one of the products of the ion continuity equation, the
equatorial ionization anomaly (EIA) is a well-known phe-
nomenon peculiar to the equatorial and low latitudes of the
ionosphere. According to the ion continuity equation (Rish-
beth, 1962), diffusion proceeds rapidly in the F region but
more slowly in the lower ionosphere where collisions be-
tween charged and neutral particles dominate. This means
that the lower ionosphere is characterized by the production
and loss of ions without the transport process, while the F
region and its top side are controlled by all parameters of the
ion continuity equation. The F region ion density changes
(Lei et al., 2008) are described by
∂N
∂t
= q −βN −∇(NV ), (1)
where N is the ion concentration, β is the loss coefficient, q
is the rate of production, ∇ is the resulting rate of loss per
unit volume and unit time, and NV is the flux of electrons
(or ions) due to transport. The last term in Eq. (1) represents
transport effects due to electric fields, thermospheric merid-
ional neutral winds, and ambipolar diffusion. This indicates
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that the last term of the ion continuity equation mostly rep-
resents the mechanisms responsible for hemispheric trans-
portation of plasma that initiates EIA. It is worth noting that
during the transportation of plasma over the F region, pro-
duction and loss parameters are also active (Pedatella et al.,
2014).
To mention a few, older experimental and simulation ef-
forts of Appleton (1946), Bramley and Peart (1965), Moffet
and Hanson (1965), Bramley and Young (1968) and Rush
et al. (1969) described EIA as the redistribution of plasma
across the hemispheres. This results in a peak (crest) in each
hemisphere of the low latitudes and reduced plasma (trough)
in each hemisphere slightly above the dip equator. In the
Asian sector, Chen et al. (2008) reported that the changes in
the horizontal magnetic field intensity (equatorial electrojet,
EEJ), which are equivalent to eastward electric fields near the
magnetic equator (Anderson et al., 2002) are very effective in
regard to moving EIA crests to higher latitudes. Hence, the
eastward electric field plays a vital role in electron density
distribution over the equatorial and low latitudes of the iono-
sphere. Venkatesh et al. (2015) also investigated the role of
EEJ in EIA using total electron content (TEC) data over the
Indian and American sectors. They observed that the daily
variations in EEJ strength significantly play a major role in
the formation and development of EIA. One of the striking
results from their works revealed that daily variability of EEJ
strength associated with a slight depression near noon repro-
duced similar slight daytime depressions on EIA crests (twin
peaks) over higher latitudes.
The literature above provides good knowledge of the EIA
driven by the EEJ strength. The transportation of plasma
to higher latitudes through the EIA phenomenon is well-
known to relate with eastward electric field/EEJ and ther-
mospheric meridional neutral wind. Older experiments from
GPS measurements that unveil thermospheric meridional
neutral wind effect on plasma transportation in the F re-
gion (de Paula et al., 2015) are few compared with electric
field/EEJ (Venkatesh et al., 2015; Chen et al., 2008). While
the electric field/EEJ is transporting the plasma across higher
latitudes within low latitudes, thermospheric meridional neu-
tral wind is modulating the transporting plasma either pole-
ward or equatorward. This work aims to increase the limited
examples regarding thermospheric meridional neutral wind
effect deduced from GPS TEC measurements and its role in
transportation of plasma. This will improve our understand-
ing of the competitive role played by thermospheric merid-
ional neutral winds in relation to electric field/EEJ.
Chen et al. (2008) and Venkatesh et al. (2015) also inves-
tigated EIA morphology without considering selection of the
quietest days for the estimates of solar quiet (Sq). Apart from
the fact that the Sq current system is crucial to the estimates
of EEJ strength (Rastogi and Klobuchar, 1990; Anderson et
al., 2002; Bolaji et al., 2015), the response of EIA to EEJ
strength during the quietest period has not been carried out
over the African–Middle Eastern sector. One critical ques-
tion that needs answered in order to improve our understand-
ing of EEJ and IEEJ strength roles in the formation of foun-
tain effect over Africa–Middle East is whether the responses
of EIA to EEJ strength variability investigated in other re-
gions be used as representations of African–Middle Eastern
morphology. Similar questions that involved ionospheric ir-
regularities and TEC from more than three stations simul-
taneously unveil different features in South America com-
pared to Africa (de Abreu et al., 2014). This study is possible
because the shortcoming due to paucity of ionospheric in-
strumentations in Africa–Middle East, which is an obstacle
to carrying out EIA experiments, is gradually waning. More
evidence of gradual growth in ionospheric instrumentations
over Africa in recent times is an EIA study conducted by
Joseph et al. (2015). However, their investigations are more
focused on the characterization of EIA during a geomagnetic
storm from 12 to 16 November 2012. Furthermore, one of
the unique features associated Africa–Middle East that ini-
tiated this study is an opportunity to simultaneously investi-
gate EIA in both the Northern and Southern hemispheres and
compare our results with older works of Chen et al. (2008) in
the Asian sector.
2 Materials and methodology
Figure 1 shows the map of Africa and the Middle East
(Africa–Middle East) with location of stations used in
this study. The green and red dots in Fig. 1 show GPS
and Magnetic Data Acquisition System (MAGDAS) loca-
tions respectively. The choice of extending the GPS study
into the Middle East from Africa in the Northern Hemi-
sphere is to maintain the GPS locations between geo-
graphic longitudes 35 and 46◦ E. Furthermore, in the South-
ern Hemisphere the GPS locations are between 20 and
35◦ E. Table 1a and b show the list of station names,
their codes, and geographic and geomagnetic coordinates.
Records of 22 GPS receivers retrieved from African Geode-
tic Reference Frame (2015, http://www.afrefdata.org), In-
ternational GNSS service (2016, http://www.igs.org), and
three MAGDAS ground-based magnetometers available at
http://magdas.serc.kyushu-u.ac.jp/ were used to investigate
the EIA over Africa–Middle East. The year 2009, a year of
geomagnetic deep minimum (Bolaji et al., 2015) in the last
century (since 1901), characterized by 81 spotless days (http:
//www.spaceweather.com/glossary/spotlessdays.htm) and an
average annual sunspot number of 3.1, will be investigated.
Our choice of days and months selected from this year is
based on simultaneous availability of data for both the TEC
and the horizontal magnetic field (H-field) intensity observa-
tions. We found simultaneous records of TEC and H-field in-
tensity over Africa–Middle East in January, February, March,
and April 2009. For analysis of TEC and H-field intensity, the
5 quietest international days of the aforementioned months
were obtained from the records of the Geosciences Australia
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Table 1. (a) Names and coordinates of the GPS stations under investigation. (b) Names and coordinates of MAGDAS stations used in
this study.
(a) Station name/ Station Geographic Geomagnetic Geomagnetic Geomagnetic
country codes latitude longitude latitude longitude
1. Erdemli MERS 36.81◦ N 34.06◦ E 30.71◦ N 105.94◦ E
(Turkey)
2. Mitzpe Ramon RAMO 30.61◦ N 34.80◦ E 23.38◦ N 106.30◦ E
(Israel)
3. Halat Ammar HALY 29.16◦ N 36.07◦ E 21.87◦ N 107.53◦ E
(Saudi Arabia)
4. Solar Village SOLA 24.26◦ N 46.51◦ E 17.71◦ N 118.16◦ E
(Saudi Arabia)
5. Namas NAMA 19.12◦ N 42.48◦ E 11.46◦ N 114.05◦ E
(Saudi Arabia)
6. Jizan JIZN 16.88◦ N 42.57◦ E 9.02◦ N 114.18◦ E
(Saudi Arabia)
7. Sheba SHEB 15.85◦ N 39.05◦ E 7.56◦ N 110.60◦ E
(Eritrea)
8. Asmara ASMA 15.34◦ N 38.91◦ E 6.79◦ N 110.47◦ E
(Eritrea)
9. Mekele DAKE 13.48◦ N 39.48◦ E 4.91◦ N 111.09◦ E
(Ethiopia)
10. Alem Maya DAMY 9.36◦ N 42.03◦ E 0.90◦ N 113.78◦ E
(Ethiopia)
11. Nazret NAZR 8.57◦ N 39.29◦ E 0.25◦ S 111.01◦ E
(Ethiopia)
12. Eldoret MOIU 0.51◦ N 35.36◦ E 8.93◦ S 107.08◦ E
(Kenya)
13. Mount Baker BAKC 0.36◦ N 29.20◦ E 9.24◦ S 100.81◦ E
(Uganda)
14. Entebbe EBBE 0.05◦ N 32.46◦ E 9.52◦ S 104.12◦ E
(Uganda)
15. Dodoma DODM 6.16◦ S 35.75◦ E 16.56◦ S 107.19◦ E
(Tanzania)
16. Tanzania TANZ 8.57◦ S 39.29◦ E 18.55◦ S 110.57◦ E
(Tanzania)
17. Tukuyu TUKC 9.25◦ S 33.65◦ E 19.51◦ S 104.82◦ E
(Tanzania)
18. Zambia ZAMB 13.13◦ S 27.85◦ E 23.78◦ S 98.34◦ E
(Zambia)
19. Ngamiland MAUA 19.19◦ S 23.00◦ E 30.11◦ S 91.96◦ E
(Botswana)
20. Hartebeesthoek HRAO 25.89◦ S 27.68◦ E 36.32◦ S 94.68◦ E
(South Africa)
21. Richards Bay RBAY 28.78◦ S 32.03◦ E 38.65◦ S 97.89◦ E
(South Africa)
22. Sutherland SUTH 32.41◦ S 20.67◦ E 41.10◦ S 84.60◦ E
(South Africa)
(b) Station name/ Station Geographic Geographic Geomagnetic Geomagnetic
country codes latitude longitude latitude longitude
1. Addis Ababa AAB 8.97◦ N 38.75◦ E 0.17◦ N 110.48◦ E
(Ethiopia)
2. Khartoum KRT 15.63◦ N 32.53◦ E 6.03◦ N 103.99◦ E
(Sudan)
3. Nairobi NAB 1.28◦ S 36.81◦ E 10.76◦ S 108.51◦ E
(Kenya)
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Figure 1. Map of Africa showing locations of study.
catalogue at http://www.ga.gov.au/oracle/geomag/iqd_form.
jsp.
2.1 Total electron content (TEC)
Using differential delay technique on dual frequency mea-
surements of GPS signal at L1 (1575.42 MHz) and L2
(1227.60 MHz), the uncorrected slant total electron content
(STEC) values were recorded at 1 min intervals and then cor-
rected for satellite delays and biases (Bolaji et al., 2012).
They were further converted into vertical total electron con-
tent, herein referred to as TEC.
2.2 Equatorial electrojet (EEJ) and its integrated
(IEEJ) strength
The EEJ strength is evaluated by subtracting the Sq deduced
from the H-field intensity (Bolaji et al., 2013) located out-
side the equatorial latitude at about ±5 to ±10◦ latitudes
from the one located within the equatorial latitude of ±3◦
(Rastogi and Klobuchar, 1990; Anderson et al., 2002; Chen
et al., 2008). In this work, our choice of station within the
equatorial latitude is Addis Ababa (AAB), with geomagnetic
coordinates 0.17◦ N, 110.48◦ E. Outside the equatorial lati-
tude in the Northern Hemisphere, we employed Khartoum
(KRT), which is located at geomagnetic coordinates 6.03◦ N,
103.99◦ E. In the Southern Hemisphere, Nairobi (NAB) at
geomagnetic coordinates 10.76◦ S, 108.51◦ E was employed.
The EEJ strength was estimated for both hemispheres,
where the northern and southern EEJ strengths are repre-
sented with EEJN and EEJS respectively. In addition, the day-
time integrated EEJ strength values for both the hemispheres
were evaluated by integrating all the hourly EEJ strengths
from 07:00 to 12:00 LT. This gives the daytime integrated
equatorial electrojet (IEEJ) strength values for each day (Ue-
moto et al., 2010; Venkatesh et al., 2015).
3 Results
The contour plots of diurnal and latitudinal variations in TEC
for 4 months (January, February, March, and April) in 2009
over the African–Middle Eastern sector are investigated. This
is shown in the middle panel b (Figs. 2, 3, 4, and 5), with
a colour bar beside each plot that shows the magnitudes of
TEC in TEC units (TECUs). The left-handed side shows the
geomagnetic latitudinal range of GPS stations and the right-
handed side shows the GPS station codes investigated from
the Northern to Southern hemispheres. The unfilled (white
background) contours in the plots are due to data gaps. The
top panel a (Figs. 2, 3, 4, and 5) and bottom panel c (Figs. 2,
3, 4, and 5) show the diurnal variations in the EEJ strength
and the values of IEEJ strength in the Northern and Southern
hemispheres respectively. The magnitudes of EEJ strength
for the hemispheres are plotted on the left-handed side of
the vertical axis against the local time (LT) on the horizontal
axis.
In January (Fig. 2b), the northern EIA crests were moder-
ately developed on all days. They are ranged between ∼ 23
and ∼ 36 TECU. On 17 January the minimum EIA crest
was found at NAMA (∼ 11◦ N, station abbreviations can be
found in Table 1) and the maximum EIA crest was observed
at ASMA (∼ 7◦ N). The spread of TEC magnitudes in the
range of∼ 16–∼ 36 TECU on all days in the Northern Hemi-
sphere was between ∼ 5◦ N (DAKE) and ∼ 20◦ N (closer to
HALY). Within this latitude (∼ 5–∼ 20◦ N) along the EIA
crest, two EIA crests were observed on all days associated
with reduced TEC values straddling ∼ 8 and ∼ 9◦ N (SHEB
and JIZN). The two EIA crests associated with reduced TEC
straddling, SHEB and JIZN, are higher at ASMA compared
to NAMA on 3, 7, and 17 January, with exceptions on 11
and 12 January. On 3, 7, and 17 January, EIA crest magni-
tudes at ASMA were ∼ 33, ∼ 33, and ∼ 36 TECU respec-
tively. The corresponding lower EIA crest values at NAMA
on these days were∼ 27,∼ 24, and∼ 23 TECU respectively.
On 11 January, the EIA crest was ∼ 28 TECU at NAMA and
∼ 27 TECU at ASMA. The EIA crest on 12 January was
∼ 29 and ∼ 25 TECU at NAMA and ASMA respectively. In
the Southern Hemisphere, the EIA crest magnitudes were be-
tween∼ 19 and∼ 20 TECU on all days investigated, with an
exception on 3 January. The EIA crest was insignificant on
Ann. Geophys., 35, 123–132, 2017 www.ann-geophys.net/35/123/2017/
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Figure 2. The TEC magnitudes of the quietest days, equatorial electrojet (EEJ) strength, and integrated EEJ strength in January.
3 January, straddled ∼ 9◦ S (MOIU) and ∼ 19◦ S (TANZ) on
7 January, was found between ∼ 9◦ S (BAKC) and ∼ 20◦ S
(TUKC) on 11 January, observed at TANZ on 12 January,
and straddled ∼ 0.3◦ S (NAZR) and ∼ 24◦ S (ZAMB) on
17 January.
In the corresponding plots (Fig. 2a and b), the highest EEJ
strengths of∼ 135 and∼ 117 nT were observed in the North-
ern and Southern hemispheres respectively on 7 January. The
highest IEEJ strengths of∼ 692 and∼ 672 nT were observed
on 7 January in the Northern and Southern hemispheres re-
spectively.
On all days investigated in February 2009 (Fig. 3b) in the
Northern Hemisphere, two EIA crests associated with a re-
duced TEC magnitude at SHEB were obvious, with an ex-
ception on 2 February. The magnitude of a single EIA crest
observed at ASMA on 2 February was∼ 28 TECU. A moder-
ately developed EIA crest magnitude seen at ASMA on 8 and
10 February was ∼ 32 TECU. The values of well-developed
EIA crests at ASMA on 17 and 19 February were ∼ 50 and
∼ 48 TECU respectively. The magnitude of the second EIA
crest found at JIZN on 8, 10, and 19 February were ∼ 20,
∼ 21, and ∼ 18 TECU respectively. On 17 February the sec-
ond EIA crest value observed at NAMA was ∼ 18 TECU. In
the Southern Hemisphere, no visible EIA crest was observed
on 2 February. A less-developed EIA crest in the range of
∼ 18–∼ 20 TECU straddled NAZR and TUKC, TANZ and
TUKC, and BAKC and TUKC on 8, 10, and 19 February re-
spectively. On 17 February a moderately developed EIA crest
(∼ 26 TECU) was observed at TUKC.
Maximum EEJ strengths of ∼ 162 nT (Northern Hemi-
sphere) and ∼ 186 nT (Southern Hemisphere) were observed
on 10 February (Fig. 3a and c). On the same 10 Febru-
ary afternoon, a counter electrojet (CEJ) maximum value
of ∼−25 nT was observed around 16:00 LT in the South-
ern Hemisphere. In the Northern Hemisphere, a minimum
CEJ value of ∼−10 nT in the afternoon was seen around
16:00 LT on the same day. On 10 February, the highest IEEJ
strength of 887 and 882 nT was observed in the Southern and
Northern hemispheres respectively.
In March (Fig. 4b), the EIA crests were well-formed,
both in the Northern and Southern hemispheres on 2 March
(∼ 36 TECU in the north, ∼ 26 TECU in the south), 6 March
(∼ 48 TECU in the north, ∼ 29 TECU in the south), 9 March
(∼ 49 TECU in the north, ∼ 25 TECU in the south), and
18 March (∼ 37 TECU in the north, ∼ 29 TECU in the
south). An exception was found on 7 March with a less-
developed EIA crest in the range of ∼ 18–∼ 20 TECU strad-
dling MOIU and TUKC. This signifies that the EIA crests
were well-developed in the Northern Hemisphere compared
to the Southern Hemisphere on all of the days investigated.
In addition, there were two EIA crests in the Northern Hemi-
sphere at different latitudes similar to our observations in
January and February, with an exception on 2 March. The
first well-developed EIA crest in the Northern Hemisphere
was seen at ASMA on all of the days, and the second
less-developed EIA crest was found at SOLA on 6 March.
On 9 March, the moderately developed EIA crest was ob-
served at NAMA and straddled NAMA and SOLA on 7 and
18 March.
In Fig. 4a and c, maximum EEJ strength values of ∼ 120
and ∼ 122 nT were found on 18 and 7 March in the North-
ern and Southern hemispheres respectively. On 7 March, the
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Figure 3. The TEC magnitudes of the quietest days, equatorial electrojet (EEJ) strength, and integrated EEJ strength in February.
Figure 4. The TEC magnitudes of the quietest days, equatorial electrojet (EEJ) strength, and integrated EEJ strength in March.
highest IEEJ strength observed in the Northern Hemisphere
was ∼ 743 nT and the maximum southern hemispheric IEEJ
recorded was ∼ 634 nT.
The variations in TEC (Fig. 5b) in April that produced
the EIA crests were in the range of ∼ 16 and ∼ 47 TECU.
The EIA crests were well-developed in both hemispheres on
2 April with maximum value of ∼ 47 TECU in the Northern
Hemisphere at ASMA. The southern EIA crest with a mag-
nitude of ∼ 23 TECU straddled TANZ and TUKC. A mod-
erately developed EIA crest was observed on 4 April in the
Ann. Geophys., 35, 123–132, 2017 www.ann-geophys.net/35/123/2017/
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Figure 5. The TEC magnitudes of the quietest days, equatorial electrojet (EEJ) strength, and integrated EEJ strength in April.
Northern Hemisphere (ASMA), compared to a weakly de-
veloped EIA crest in the Southern Hemisphere that straddled
DAMY and TUKC. The EIA crest straddling NAMA and
SOLA on 23 April was higher (∼ 25 TECU) than the EIA
crest at ASMA (∼ 23 TECU) in the Northern Hemisphere.
In the Northern Hemisphere on 30 April, a maximum EEJ
strength of ∼ 60 nT was observed around 12:00 LT, associ-
ated with a CEJ value of ∼−50 nT around 08:00 LT. The
highest IEEJ strength estimate was ∼ 340 nT in the North-
ern Hemisphere and ∼ 350 nT in the Southern Hemisphere
on 4 April.
On some of the investigated quiet days, we observed in-
crements in TEC magnitude similar to EIA crests in the low
latitudes at MAUA (∼ 30◦ S), which is a middle-latitude sta-
tion. The highest was observed on 7 March, with a value of
∼ 33 TECU.
4 Discussion
Investigation into the TEC from 22 GPS stations and three
MAGDAS over the equatorial and low-latitude ionosphere in
Africa has been carried out. The records of horizontal H-field
component from MAGDAS were used to estimate the Sq cur-
rent and EEJ and IEEJ strengths. The results obtained from
TEC and EEJ strength generally showed trend of increases
in the morning and declines at dusk. Other features such as
daytime depression in TEC magnitudes over the EIA crest
and daytime CEJ from the EEJ strength are also revealed.
In this present work, IEEJ strength up to a daily maxi-
mum (herein IEEJ) suggested by Venkatesh et al. (2015) was
employed. Our findings on the EIA morphology in Africa–
Middle East revealed that the rate of plasma production, loss,
and transport mechanisms are different over the two hemi-
spheres. This is in agreement with the suggestions of Chen et
al. (2008) in regard to differences in dynamo electric fields at
equatorial low latitudes of the two hemispheres. In this work,
we will further discuss these differences in both hemispheres,
including the E–F coupling, using TEC latitudinal signatures
straddling the hemispheres as one of the transportation pro-
cesses in the ion continuity equation. This will also show
meridional wind effect (de Paula et al., 2015).
Concerning the differences in the low-latitude equivalent
dynamo electric field, we observed higher EIA crests in the
Northern Hemisphere compared to the corresponding EIA
crests in the Southern Hemisphere on all of the quiet days
we investigated. This is one of the consequences of initiat-
ing asymmetry of EIA crest, apart from meridional neutral
wind, which will be discussed later. In addition to our find-
ings that the magnitude of EIA crest in the Northern Hemi-
sphere is higher than in the Southern Hemisphere, we also
found that the location of the EIA crests in the Northern
Hemisphere straddled∼ 7 and∼ 11◦ N. In the works of Chen
et al. (2008), EIA crests straddled ∼ 20 and ∼ 23◦ N. In the
Southern Hemisphere, we found visible EIA crests ∼ 17 and
∼ 19◦ S and the EIA crests from Chen et al. (2008) were
reported to be ∼ 5 and ∼ 8◦ S. This is clearer evidence of
www.ann-geophys.net/35/123/2017/ Ann. Geophys., 35, 123–132, 2017
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the differences in the EIA morphology between the African–
Middle Eastern and Asian sectors.
Moreover, it is worthy to note that the EEJ strength, IEEJ
strength up to a daily maximum and IEEJ strength for a
whole day, all together, are driven by the equatorial eastward
electric field. This is one of the parameters of transporta-
tion in the ion continuity equation (Rishbeth, 1962; Lei et
al., 2008). Significantly, it drifts plasma from the equatorial
latitude along the magnetic field lines to higher latitudes un-
der the influence of gravity and pressure gradients (Martyn,
1947; Bolaji et al., 2013). A good representation of the equa-
torial eastward electric field is EEJ strength (Anderson et al.,
2002), and IEEJ strength up to a daily maximum (Venkatesh
et al., 2015). These ionospheric parameters have the capacity
to majorly control the extent of plasma transportation at low
latitudes of the ionosphere, while the transportation control
due to meridional neutral wind is minimal.
Our results in January showed experimental evidence of
how EEJ–IEEJ strength majorly controls plasma transporta-
tion over the low latitude. For example, the latitudinal ex-
tent of the EIA crest on 7 January in the Northern Hemi-
sphere was obviously controlled by the highest EEJ–IEEJ
strength. Similar controls of the farthest EIA crest due to
the highest EEJ–IEEJ strength in the Northern Hemisphere
were also seen on 7 March. These indicate that the available
meridional neutral winds that could have modulated the EEJ–
IEEJ strength on these days were superimposed by stronger
eastward electric fields around the equatorial latitude. Our
observations are in agreement with the works of Sethia et
al. (1980), Balan and Iyer (1983), Rama Rao et al. (1984),
Raghavarao et al. (1988), Rastogi and Klobuchar (1990),
Chen et al. (2008), and Venkastesh et al. (2015), who investi-
gated EIA morphology in different regions and reported that
EEJ–IEEJ strength is very effective in the movement of EIA
crests to higher latitudes.
On some of the quiet days that were not significantly con-
trolled by EEJ–IEEJ strength, the thermospheric meridional
neutral winds could either strengthened or inhibit the EEJ–
IEEJ strength in regard to moving plasma to higher latitudes
and initiating latitudinal asymmetry in the location of EIA
crests (Bramley and Peart, 1965; Bramley and Young, 1968;
Batista et al., 2011). Although we do not have wind measure-
ments over Africa–Middle East in 2009, the latitudinal vari-
ability of TEC we are presently investigating could be used to
infer the meridional wind effects during the day. For exam-
ple, 10 February and 4 April, where the highest EEJ–IEEJ
strengths failed to produce the corresponding farthest EIA
crest in the Northern Hemisphere, were due to irregular vari-
ability of TEC at higher latitudes, which was characterized
by steep daytime depression veering alternately to right and
left. Similar slight depression in the latitudinal profile of TEC
was employed by de Paula et al. (2015) to quantify equator-
ward meridional neutral wind effects on the weakening of
scintillation over the South American sector during sudden
stratospheric warming events. Therefore, a well-shaped and
broader EIA crest at the farthest latitude without depression
signifies that meridional wind effect is not significant. Oth-
erwise, slight or higher depression at the latitudinal extent of
plasma is evidence that meridional wind effect is in place.
An interesting feature observed from our investigations
during the day (found on at least 1 of the days investigated in
each month) is two EIA crests at different latitudes within the
low latitudes of the Northern Hemisphere (latitudinal twin
EIA crests). One of the latitudinal twin crests is always found
at ∼ 7◦ N (ASMA). The other one is found between latitudes
∼ 11 and ∼ 18◦ N, straddling NAMA and SOLA and some-
times alternating between them. Both EIA crests (ASMA and
the one straddling NAMA and SOLA) were separated by
consistent reduced TEC at ∼ 8◦ N (SHEB) and sometimes
extended to include latitude∼ 9◦ N (JIZN). We observed that
the EIA crest was not always higher at ASMA compared
to NAMA because on some days (11 and 12 January) EIA
crests at NAMA were higher than those found at ASMA.
These rare scenarios could result from inconsistent trans-
portation of plasma to higher latitudes. We suspect that the
period of initial steep pressure gradient associated with grav-
itational force, which assisted vertical drift in transporting
the plasma along the magnetic field lines up to ∼ 11◦ N is
shorter. The consequence is a shallow pressure gradient and
gravitational force that relax for a longer period at ∼ 7◦ N
and leave reduced TEC around ∼ 8 and ∼ 9◦ N. This feature
needs further investigation to identify the underlying param-
eter that is triggering it.
As can be observed, these latitudinal twin EIA crests
are not the same as the twin EIA crests prior to noon
and during the afternoon period reported by Venkatesh et
al. (2015). They reported that double-peak observations from
EEJ strength that simultaneously produce twin EIA crests are
rare. Our results on 7 April in the Northern Hemisphere with-
out two peaks in the daytime variability of EEJ strength had
corresponding twin EIA crests, one around noon–afternoon
and the other in the afternoon period. The present study fur-
ther adds that all the twin EIA crests may not be associ-
ated with a twin peak EEJ strength. From our results that
showed a maximum magnitude of ∼ 49 nT around 12:00 LT
associated with a significant CEJ (∼ 48 nT) around 09:00 LT,
this EEJ strength variability (7 April) indicates a weaker
eastward daytime electric field during sunrise hours and
that a pre-noon EIA crest could not be formed. Investi-
gations into pre-noon peaks of TEC and electron density
at the F2-layer (NmF2) over the equatorial latitudes have
been made by Skinner (1966), Rajaram (1977), Radicella
and Adeniyi (1999), Lee and Reinisch (2006), and Bolaji et
al. (2012, 2013). They reported that development of a pre-
noon EIA crest is due to a stronger eastward daytime electric
field compared to photoionization near noon. Hence, higher
noon–afternoon EIA crest is due to stronger photoionization
that supports a weak eastward electric field at noon. The re-
duced post-noon EIA crest is evidence of longer photoion-
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ization refilling the abrupt plasma loss due to an extremely
weak eastward electric field in the afternoon.
Furthermore, the higher EIA crests we observed in March
compared to other months are in agreement with the works
of Venkatesh et al. (2015). Barbara et al. (1980), Rama
Rao et al. (1985), and Bolaji et al. (2012) also reported
higher monthly variability of TEC in March and higher sea-
sonal variability of TEC in equinoctial months (March, April,
September, and October) at low latitudes. We therefore sug-
gest that these may be responsible for most of the higher EIA
crest values found at ASMA in March on most days and on
2 April compared to other months.
5 Conclusions
We have observed and investigated EIA over Africa–Middle
East during a year of deep minimum. Our results are simi-
lar to the works of Dunford (1967), Rama Rao et al. (1984),
Raghavarao et al. (1988), Chen et al. (2008), and Venkatesh
et al. (2015) in other sectors in regard to EEJ and IEEJ
strength controlling EIA morphology. We report a few cases
that are not fully controlled by EEJ–IEEJ using TEC lat-
itudinal distributions to characterize thermospheric merid-
ional neutral wind effect. We found that EIA crests in the
Africa–Middle East have a higher magnitude in the Northern
Hemisphere compared to the Southern Hemisphere, which
contrasts the study of Chen et al. (2008) in the Asian sec-
tor. We found two EIA crests at different latitudes in the
low latitudes of the Northern Hemisphere, which has never
been reported before and needs further investigation regard-
ing which mechanisms among the transport parameters are
responsible for triggering such a feature.
6 Data availability
African Geodetic Reference Frame data can be accessed on-
line at http://www.afrefdata.org/. International GNSS service
is also available online at http://www.igs.org/. The Magnetic
Data Acquisition System (MAGDAS) used for this work is
available at the International Centre for Space Weather Sci-
ence and Education (ICSWSE, 2011) website (http://magdas.
serc.kyushu-u.ac.jp/request/index.html) upon request from
the project leader of MAGDAS/CPMN, A. Yoshikawa (e-
mail address: yoshi@geo.kyushu-u-ac.jp).
Competing interests. The authors declare that they have no conflict
of interest.
Acknowledgement. One of the authors, Bolaji Olawale Segun, ac-
knowledges the African Geodetic Reference Frame, International
GNSS service, and Magnetic Data Acquisition System (MAG-
DAS) groups for making the data available for this study. Bo-
laji Olawale Segun also acknowledges the two anonymous review-
ers for the painstaking reviews that significantly improved this
work.
The topical editor, J. Makela, thanks the two anonymous refer-
ees for help in evaluating this paper.
References
African Geodetic Reference Frame: available at: http://www.
afrefdata.org, last access: 18 February 2015.
Anderson, D., Anghel, A., Yumoto, K., Ishitsuka, M., and
Kudeki, E.: Estimating day time vertical ExB drift veloc-
ities in the equatorial F-region using ground-based magne-
tometer observations, Geophys. Res. Lett., 29, 37-1–37-4,
doi:10.1029/2001GL014562, 2002.
Appleton, E. V.: Two anomalies in the ionosphere, Nature, 157,
691–693, 1946.
Balan, N. and Iyer, K. N.: Equatorial anomaly in ionospheric elec-
tron content and its relation to dynamo currents, J. Geophys.
Res., 88, 10259–10262, 1983.
Barbara, A. K., Devi, M., Bardoli, P., and Rehman, K.: Ionosh-
eric effect observed at Gauhati during the solar eclipse of Febru-
ary 16, 1980, Proc Int. Symp. Beacon Satellite studies on the
Earth’s Environment, 387 pp., 1980.
Batista, I. S., Diogo, E. M., Souza, J. R., Abdu, M. A., and Bailey,
G. J.: Equatorial ionization anomaly: The role of thermospheric
wind and the effect of the geomagnetic field secular variation,
Aeronomy of the Earth’s Atmosphere and Ionosphere, Springer
Dordrecht Heidelberg, London New York, 2011.
Bolaji, O. S., Adeniyi, J. O., Radicella, S. M., and Doherty P.
H.: Variability of total electron content over an equatorial West
African station during low solar activity, Radio Sci. 47, RS1001,
doi:10.1029/2011RS004812, 2012.
Bolaji, O. S., Adeniyi, J. O., Radicella, S. M., and Doherty, P.
H.: Total electron content over and magnetic field intensity over
Ilorin, Nigeria, J. Atmos. Sol.-Terr. Phy., 98, 1–11, 2013.
Bolaji, O. S., Rabiu, A. B., Bello, O. R., Yoshikawa, A., Yumoto,
K., Odeyemi, O. O., and Ogunmodimu O.: Spatial variability
of solar quiet fields along 960 magnetic meridian in Africa:
Results from MAGDAS, J. Geophys. Res., 120, 3883–3898,
doi:10.1002/2014JA020728, 2015.
Bramley, E. N. and Peart, M.: Diffusion and electromagnetic drift
in the equatorial F2-region, J. Atmos. Terr. Phys., 27, 1201,
doi:10.1016/0021-9169(65)90081-4, 1965.
Bramley, E. N. and Young, M.: Winds and electromagnetic drifts
in the equatorial F2-region, J. Atmos. Terr. Phys., 30, 99–111,
doi:10.1016/0021-9169(68)90044-5, 1968.
Chen, C. H., Liu, J. Y., Yumoto, K., Lin, C. H., and Fang, T. W.:
Equatorial ionization anomaly of the total electron content and
equatorial electrojet of ground-based geomagnetic field strength,
J. Atmos. Terr. Phys., 70, 2172–2183, 2008.
de Abreu, A. J., Fagundes, P. R., Gende, M., Bolaji, O. S., de Je-
sus, R., and Brunini, C.: Investigation of ionospheric response
to two moderate geomagnetic storms using GPS-TEC measure-
ments in the South American and African sectors during the as-
cending phase of solar cycle 24, Adv. Space Res., 53, 1313–1328,
doi:10.1016/j.asr.2014.02.011, 2014.
www.ann-geophys.net/35/123/2017/ Ann. Geophys., 35, 123–132, 2017
132 O. Bolaji et al.: Observations of equatorial ionization anomaly over Africa and Middle East
de Paula, E. R., Jonah, O. F., Moraes, A. O., Kherani, E. A., Fejer,
B. G., Abdu, M. A., Muella, M. T. A. H., Batista, I. S., Dutra,
S. L. G., and Paes, R. R.: Low-latitude scintillation weakening
during sudden stratospheric warming events, J. Geophys. Res.-
Space, 120, 2212–2221, doi:10.1002/2014JA020731, 2015.
Dunford, E.: The relationship between the ionospheric equatorial
anomaly and the E-region current system, J. Atmos. Terr. Phys.,
29, 1489–1498, 1967.
ICSWSE (International Centre for Space Weather Science and Ed-
ucation): Kyushu University, Japan, available at: http://magdas.
serc.kyushu-u.ac.jp/, last access: 16 March 2011.
International GNSS service: available at: http://www.igs.org, last
access: 17 October 2016.
Joseph, O. O., Yamazaki, Y., Cilliers, P., and Mito, O. C.: A
study on the response of the equatorial ionization anomaly
over the East Africa sector during the geomagnetic storm
of November 13, 2012, Adv. Space Res., 55, 2889–2898,
doi:10.1016/j.asr.2015.03.001, 2015.
Lee, C. C. and Reinisch, B. W.: Quiet-condition hmF2, NmF2,
and B0 variations at Jicamarca and comparison with IRI-2001
during solar maximum, J. Atmos. Terr. Phys., 68, 2138–2146,
doi:10.1016/j.jastp.2006.07.007, 2006.
Lei, J., Wang, W., Burns, A. G., Solomon, S. C., Richmond,
A. D., Wiltberger, M., Goncharenko, L. P., Coster, A., and
Reinisch, B. W.: Observations and simulations of the iono-
spheric and thermospheric response to the December 2006 ge-
omagnetic storm: Initial phase, J. Geophys. Res., 113, A01314,
doi:10.1029/2007JA012807, 2008.
Martyn, D. F.: Atmospheric tides in the ionosphere – I. Solar tides
in the F2 region, P. R. Soc. Lond. A, 189, 241–260, 1947.
Moffett, R. J. and Hanson, W. B.: Effect of ionization trans-
port on the equatorial F-region, Nature, 206, 705–706,
doi:10.1038/206705a0, 1965.
Pedatella, N. M., Liu, H. L., Sassi, F., Lei, J., Chau, J. L., and
Zhang, X.: Ionosphere variability during the 2009 SSW: Influ-
ence of the lunar semidiurnal tide and mechanisms producing
electron density variability, J. Geophys. Res.-Space, 119, 3828–
3843, doi:10.1002/2014JA019849, 2014.
Radicella, S. M. and Adeniyi, J. O.: Equatorial ionospheric electron
density below the F2 peak, J. Geophys. Res., 34, 1153–1163,
1999.
Raghavarao, R., Nageswararao, J., Hanumath, S., Vyas, G. D., and
Sriramarao, M.: Role of equatorial ionization anomaly in the ini-
tiation of equatorial spread F, J. Geophys. Res.-Space, 93, 5959–
5964, 1988.
Rajaram G.: Structure of the equatorial F-region, topside and
bottomside-a review, J. Atmos. Terr. Phys., 39, 1125–1144,
doi:10.1016/0021-9169(77)90021-6, 1977.
Rama Rao, P. V. S., Das Gupta, A., Klobuchar, J. A., and Rastogi, R.
G.: Electrojet Control over the Equatorial anomally in TEC and
equivalent slab thickness, Proc. Int. Symp. Beaco Satellite stud-
ies on Earth’s Environment (India), National Physical Laboratory
of India, New Delhi, 393–400, 1984.
Rama Rao, P. V. S., Niranjan, K., Ramana Rao, B. V., Rao, B. V.
P. S., and Prosad, D. S. V. V. D.: Study of the Solar Cycle Varia-
tion of some Ionospheric Phenomena Observed in TEC and Scin-
tillation measurements made from low latitude station, Waltair
(17.7◦ N), India, Proc URS/PS Conference, Sydney, Australlia,
1985.
Rastogi, R. G. and Klobuchar, J. A.: Ionospheric electron content
within the equatorial F2 layer anomaly belt, J. Geophys. Res.,
95, 45–52, 1990.
Rishbeth, H.: Atmospheric composition and F layer of the iono-
sphere, Planet. Space Sci., 9, 149–152, doi:10.1016/0032-
0633(62)90002-8, 1962.
Rush, C. M., Rush, S. V., Lyons, L. R., and Venkateswaran, S. V.:
Equatorial anomaly during a period of declining solar activity,
Radio Sci., 4, 824–841, doi:10.1029/RS004i009p00829, 1969.
Sethia, G., Rastogi, R. G., Deshpande, M. R., and Chandra, H.:
Equatorial electrojet control of the low latitude ionosphere, J. Ge-
omagn. Geoelectr., 32, 207–216, doi:10.5636/jgg.32.207, 1980.
Skinner, N. J.: Measurements of total electron content near
the magnetic equator, Planet Space Sci. 14, 1123–1129,
doi:10.1016/0032-0633(66)90026-2, 1966.
Uemoto, J., Maruyama, T., Saito, S., Ishii, M., and Yoshimura,
R.: Relationships between pre-sunset electrojet strength, pre-
reversal enhancement and equatorial spread-F onset, Ann. Geo-
phys., 28, 449–454, doi:10.5194/angeo-28-449-2010, 2010.
Venkatesh, K., Fagundes, P. R., Prasad, D. S. V. V. D., Denardini,
C. M, de Abreu, Jesus R., and Gende, M.: Day-to-day variabil-
ity of equatorial electrojet and its role on the day-to-day char-
acteristics of the equatorial ionization anomaly over the Indian
and Brazilian sectors, J. Geophys. Res.-Space, 120, 9117–9131,
doi:10.1002/2015JA021307, 2015.
Ann. Geophys., 35, 123–132, 2017 www.ann-geophys.net/35/123/2017/
